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Abstract  
The effect of concentrated NaCl (200 g L–1) on CWO of oxalic acid and acetic acid over MnCeOx was 
investigated at 110 °C and 0.5 MPa O2 to explore the potential of using CWO for shale gas wastewater 
treatment. The presence of concentrated NaCl hindered oxalic acid conversion, which from ATR-IR 
spectroscopy was attributed to the salting out effect increasing the oxalic acid surface coverage with 
formation of strongly adsorbed intermediates, slowing oxalic acid mineralisation. In addition, the weak 
adsorption of acetic acid on MnCeOx was proposed to be responsible for the insignificant conversion 
with or without NaCl present.  
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 1. Introduction 
The complex composition of wastewater produced from shale gas extraction is of significant 
environmental concern, which can impose increased pressure on global water safety. Hence, the 
removal of differing pollutants (such as organics and salinity) from produced water is necessary for 
water recovery [1, 2]. Efficient treatment methods are urgently needed to address this challenging 
problem, and catalytic wet oxidation (CWO) is an emerging option with reports that 97% chemical 
oxygen demand (COD) in fracturing flowback fluid can be removed by CWO using a Cu-Cr/activated 
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carbon catalyst (10 g L–1) at 250 °C under 2.5 MPa oxygen partial pressure [3].  
Due to the high salinity in shale gas wastewater (up to 200 g L–1 of Cl−) [2], the effect of concentrated 
salt on wastewater treatment deserves specific consideration. A number of studies have found a 
correlation between the salt and CWO efficiency [4-6], with the salting-out effect found to be an 
important contributing factor as salt can increase the hydrophobicity of reactant molecules in aqueous 
solutions [7, 8]. In addition, other salt effects on CWO were reported. For example, competitive 
adsorption between chloride and formic acid on a Pt surface (in a Pt/ceramic membrane) was found in 
the CWO system with 0.15 g L–1 NaCl, causing a lower oxidation rate compared to the pure water 
system [4]. In a Fenton oxidation process, when the NaCl concentration is higher than 2.5 g L–1, the 
chloride ions were found to trap OH radicals to produce less reactive radicals (·HO2), which led to the 
decreased TOC (total organic carbon) conversion [9]. Conversely, the promoting effect of NaCl was 
reported in catalytic wet peroxide oxidation (CWPO) of phenol, in which phenol conversion was 
improved by the addition of NaCl over clay-based [5] and Cu-Ni-Al hydrotalcite catalysts [6]. The 
improvement was due to Cl− induced hydrogen peroxide decomposition, leading to improved radical 
formation. However, it is worth noting that in these studies, relatively low salt concentrations, that is, 
0.15–10 g L–1 NaCl, were used, not being representative for that typical of produced water from shale 
gas extraction (about 200 g L–1 of Cl−). 
Previously we have reported the investigation of the effect of concentrated NaCl (200 g L–1) on CWO 
of phenol over MnCeOx [10]; however, research has yet to investigate the effect of concentrated NaCl 
on CWO of short chain carboxylic acids. Short chain carboxylic acids are identified as the final 
intermediate products in CWO of most organic pollutants [11] and the oxidation of short chain 
carboxylic acids is the rate-controlling step in CWO for COD reduction to meet discharge standards 
[12]. MnCeOx shows high catalytic activity in CWO of various organic pollutants (e.g. polyethylene 
glycol and phenol) in systems without salts due to its abundance of lattice oxygen and oxygen vacancies, 
providing enhanced redox properties [13-15], however, data about the efficacy of MnCeOx for CWO of 
oxalic acid and acetic acid has not received the same attention as substrates such as phenol [16-18]. 
Therefore, in this study, the effect of concentrated NaCl at 200 g L–1 on CWO of oxalic acid and acetic 
acid over MnCeOx was studied at 110 °C and 0.5 MPa O2 (the same conditions used in CWO of phenol 
[10]). Specially, in situ attenuated total reflection infrared spectroscopy (ATR-IR) was performed to 
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gain insight into the effect of the concentrated salt on CWO of short-chain carboxylic acids, which is 
beneficial to the development of practical CWO systems for shale gas wastewater treatment. 
2. Experimental 
Information regarding the preparation and characterisation of the MnCeOx catalyst (Fig. S1) is provided 
in the Supporting Information (SI). 
2.1 CWO  
CWO of oxalic acid and acetic acid was carried out in a Parr autoclave reactor (model: 4598) at 110 °C, 
0.5 MPa and 600 rpm. The initial concentration of oxalic acid/acetic acid and the MnCeOx catalyst was 
at 1 g L–1. NaCl concentration of 200 g L–1 was used to simulate shale gas wastewater. Before reaction, 
the reactor was purged with N2 and then heated to 110 °C. Once the temperature reached 110 °C, the 
reactor was purged with O2 and pressurised to 0.5 MPa of O2. After the temperature was stable, the 
stirring was started to initiate the reaction, and the first sample was taken, which was referred to as time 
zero (t = 0). During the catalytic reaction, samples were withdrawn periodically to follow the extent of 
CWO (as detailed in SI). 
2.2 In situ ATR-IR 
MnCeOx in water slurry was deposited onto ZnSe crystals, and dried at room temperature (RT) 
overnight to prepare the catalyst layer. A PIKE ATRMaxII accessory with an in-house made ATR flow 
cell housed in a Bruker Tensor II spectrometer was used to record ATR-IR spectra in situ. A flow of O2 
saturated water or O2 saturated salt water (NaCl concentration: 200 g L–1) was introduced to flow over 
the catalyst layer in the ATR flow cell which was heated from RT to 95 °C. At 95 °C, solutions of oxalic 
acid (1.0 and 2.3 g L–1) or acetic acid (6.0 g L–1) in O2 saturated water or O2 saturated salt water were 
introduced to flow over the catalyst layer, and IR spectra were recorded (8 scans, resolution of 4 cm–1). 
A spectrum of the catalyst layer before its exposure to any liquids was taken as the background. 
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3. Results and Discussion 
3.1 CWO of oxalic acid  
3.1.1 CWO performance 
To probe the intrinsic oxidation ability of MnCeOx, control experiments of catalytic degradation of 
oxalic acid were performed in water (Figs. 1 and S2). In the presence of MnCeOx, the oxalic acid 
conversion at RT was found to be between 42–44% irrespective of the atmosphere (N2/O2). This 
catalytic activity is attributed to the reaction between adsorbed oxalic acid and lattice oxygen of 
MnCeOx, showing good oxygen mobility and storage capacity of the catalyst [19-21]. This is confirmed 
as reaction without a catalyst under N2 gave 2.8% conversion while with reduced MnCeOx and non-
reducible metal oxide, γ–Al2O3, only 18.6% and 11.5% conversions of oxalic acid were attained (Fig 
1). The oxalic acid conversion under N2 at RT also correlated with the oxalic acid to catalyst ratio (Fig 
S3). The increase in the active sites number enhanced the oxalic acid conversion, which suggested a 
Mars-van Krevelen mechanism for the oxidation of adsorbed oxalic acid on MnCeOx under these 
conditions. Interestingly, increasing the temperature to 110 °C increased the oxalic acid conversion 
under N2 to 59.8% and under O2 to 100%, which suggested an important role of reaction temperature 
for lattice oxygen mobility and oxygen activation (Fig 1).  
For comparison, reaction over MnCeOx under N2 at RT in salt water was performed and the system 
without NaCl showed better performance with respect to both oxalic acid and TOC conversions (at 44.2% 
and 44.0%, respectively, after 2 h) compared to the system with NaCl (38.2% and 36.1%, Fig. S2), the 
reduced conversion under such mild conditions where the catalyst provides the oxygen suggests NaCl 




Fig. 1. Oxalic acid conversions at various reaction conditions (Coxalic acid = 1.0 g L–1, Ccatalyst = 1.0 g L–1, P = 0.5 
MPa). *Reduced MnCeOx: the MnCeOx catalyst was reduced by H2 in the Parr autoclave reactor at 250 °C for 
4 h before the CWO of oxalic acid. 
 
The activity of MnCeOx in CWO of oxalic acid was further studied, as shown in Fig. 2a. In the system 
without NaCl, complete oxalic acid conversion was observed in 2 h with a TOC removal of 94.2% (Fig. 
S4). Conversely, in the presence of NaCl, the activity was inhibited, as evidenced by the reduced oxalic 
acid (71.2%) and TOC conversions (62.0%) after 2 h. By increasing the reaction time to 24 h, the TOC 
conversion increased to 95.0% in the absence of NaCl while the oxalic acid and TOC conversions 
increased to 90.1% and 89.5% respectively, in the presence of NaCl (Fig.2). Mn leaching was noted in 
CWO of oxalic acid but was unlikely the cause of the lower activity in the presence of NaCl (see SI). 
Insignificant carbonaceous deposits (~0.2 mg) were found in the used MnCeOx catalysts after reactions 
for 24 h, which along with the high oxalic acid and TOC conversions achieved, indicated that MnCeOx 
catalysts were active for oxalic acid mineralisation in the presence of NaCl although a longer reaction 




Fig. 2. (a) Conversion of oxalic acid as a function of time-on-stream (2 h reaction); (b) Conversions 
of oxalic acid and TOC after 2 h and 24 h reaction (reaction conditions: Coxalic acid = 1.0 g L–1, Ccatalyst 
= 1.0 g L–1, T = 110 °C, PO2 = 0.5 MPa). 
 
3.1.2 In situ ATR-IR of adsorption/CWO of oxalic acid on MnCeOx  
In situ ATR spectra of 1 g L–1 oxalic acid in water/O2 and salt water/O2 over MnCeOx at 95 °C are shown 
in Fig. 3. Adsorption of oxalic acid on MnCeOx in water resulted in spectra with bands at 1709 and 
1691 cm–1 assigned to C=O stretching vibrations and bands at 1424 and 1253 cm–1 assigned to stretching 
vibrations of C–O/C–C/O–C=O bonds and bending mode of O–C=O of adsorbed oxalate [22-25]. The 
two C=O bands are assigned to individual monoprotonated species (HOx–) adsorbed in a monodentate 
or bidentate adsorption mode (Fig. S5)  [22-25]. The adsorption of oxalic acid in water/O2 at 95 °C (Fig 
3a) also exhibited weak bands at 1599 and 1309 cm–1 (along with bands at ~1660 and 1460 cm–1) due 
to chemisorbed oxalic acid species (see SI). The adsorption of oxalic acid on MnCeOx at 95 °C in salt 
water exhibited comparable spectra during initial exposure of the catalyst to the solution (Fig 3b), 
however, longer exposure time brought a significant increase in intensity of bands at 1600 (peak 
maximum shifting to lower wavenumber with increasing coverage) and 1310 cm–1 along with increased 
intensity of bands at 1456, 1367 and 1299 cm–1 (Fig 3c). As these bands increased, the band at 1715 
cm–1 decreased in intensity indicating the loss of a weakly adsorbed monoprotonated oxalic acid species.  
After exposure of MnCeOx to the oxalic acid salt water/O2 (or water/O2) solution, the flow was switched 
to salt water/O2 (or water/O2) to probe the strength of adsorption of oxalic acid on the catalyst. Fig. S6 
shows that salt water/O2 flow did not have a significant effect on the intensity of bands due to adsorbed 
oxalic acid species with only a small initial decrease in intensity of the C=O bands at 1715 and 1691 
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cm–1 observed. The adsorbed oxalic acid species which formed at increased exposure time (higher 
surface coverage) were strongly bound to the catalyst. Contrastingly, a faster decrease in intensity of all 
bands was observed in water/O2.   
 
Fig 3. ATR spectra of 1 g L–1 oxalic acid adsorption on MnCeOx at 95 °C in (a) water/O2 (10 minutes exposure 
to the oxalic acid solution) and (b) salt water/O2, 0–2.5 minutes exposure to the oxalic acid solution and (c) salt 
water/O2, 2.5–12 minutes exposure to the oxalic acid solution. Bands due to water have been subtracted from 
all spectra. 
As the strongly bound species formed in salt water at longer exposure time, a higher concentration of 
oxalic acid (2.3 g L–1) in water/O2 solution was studied, as shown in Fig 4. Interestingly, adsorption at 
RT did not result in the formation of intense bands at 1600, 1479, 1360 and 1310 cm–1 with little change 
in bands (1714, 1691 and 1253 cm–1) intensity observed after 15 mins exposure, indicating surface 
saturation was reached at RT with this higher concentration of oxalic acid. These species were also 
weakly bound, decreasing in intensity under a water/O2 flow at RT (Fig S7). 
However, introduction of 2.3 g L–1 oxalic acid solution at 95 °C did not reach surface saturation within 
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15 minutes with promoted formation of bands at 1668, 1596, 1471, 1360 and 1311 cm–1 (Fig 4b). The 
bands observed after 15 mins exposure to 2.3 g L–1 oxalic acid/water/O2 were at similar positions to 
those formed from adsorption of 1 g L–1 oxalic acid in salt water (both at 95 °C). The presence of salt 
increased the adsorption of oxalic acid on the catalyst indicated a salting out effect of NaCl, which 
increased the coverage of oxalic acid on the catalyst. As the coverage increased (in salt water or higher 
oxalic acid concentrations in water), bands at 1668, 1596, 1471, 1360 and 1311 cm–1 were observed.  
These species could be due to the formation of intermediates on the catalyst such as formate (Fig S8), 
carboxylate (νCOOasym and νCOOsym bands) or carbonate species. These strongly adsorbed intermediate 
species on the catalyst in salt water would be slower to oxidise to CO2, which correlates with the slower 
mineralisation of oxalic acid observed in the activity testing.   
 
Fig 4: ATR spectra of MnCeOx after 15 minutes exposure to a 2.3 g L–1 oxalic acid/water/O2 at (a) RT and (b) 
95 °C. Bands due to water have been subtracted from all spectra.  
 
3.2 CWO of acetic acid 
Acetic acid is considered as the most refractory pollutant among carboxylic acids (acetic, oxalic and 
formic acids) [18]. Though MnCeOx has been reported to show activity in CWO of acetic acid at 150 °C 
and 0.9 MPa O2 pressure [18], insignificant acetic acid conversion was observed in the conditions used 
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for CWO of oxalic acid herein (Ccarboxylic acid = 1.0 g L–1, Ccatalyst = 1.0 g L–1, T = 110 °C, PO2 = 0.5 MPa). In 
detail, acetic acid conversion was 3.7% and 3.9% (error ~2.0%) after 24 h when MnCeOx was present 
with and without NaCl, respectively, while TOC conversion was 3.2% and 2.2% (error ~1.0%), 
respectively, indicating that mineralisation of acetic acid was not observed in either system as shown 
by the carbon balance in the SI. 
ATR spectra of acetic acid adsorbed on MnCeOx in water and salt water at 95 °C are shown in Fig. 5a. 
Bands due to molecularly adsorbed acetic acid were observed at 1728 cm–1 due to ν(C=O) and 1415 
and 1272 cm–1 which are in comparable positions to H-bonded acetic acid on TiO2 [26]. Bands due to 
acetate species were observed at 1557 and 1528 cm–1 due to νasym(C=O) and at 1444 and 1418 cm–1 due 
to the νsym(C=O) vibration of different acetate species. These could be due to species adsorbed on 
different sites of MnCeOx with the difference in wavenumber associated with the asymmetric and 
symmetric vibrations of the carboxylate bands, indicating bridging bidentate (or chelating) acetate 
species on MnCeOx under these conditions [27].  
Upon switching from the acetic acid/water/O2 feed to water/O2, bands in the spectra decreased at 
different rates (Fig. 5b) with an initial loss of features due to dissolved/molecularly adsorbed acetic acid 
before disappearance of bands associated with acetate species. As the acetate band intensity decreased 
under the water/O2 flow, bands due to the molecularly adsorbed acetic acid were then observed to 
increase. This is in line with studies of Liao et al. on photodecomposition of acetic acid where the 
presence of water was reported to convert acetate species back to acetic acid [26]. The weak adsorption 
seen here is in good agreement with weak adsorption of acetic acid reported for other oxides such as 
TiO2 [28].  The mode of adsorption and substrate surface coverage have been shown to influence the 
rate of mineralisation of oxalic acid (and phenol) and concentrated NaCl altered the surface coverage 
of the substrates (salting out with an increase for oxalic acid and site blocking with reduction of 
carbonaceous deposits for phenol [10]). The effect of NaCl on acetic acid oxidation over MnCeOx was 
trivial under the current CWO conditions with the weak adsorption of acetic acid in water on MnCeOx 
proposed to be the cause of the low conversion/mineralisation with concentrated NaCl having little 
effect on the substrate adsorption/surface coverage.   
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Fig. 5. ATR spectra over MnCeOx at 95 °C as a function of exposure time (a) under a flow of acetic acid in O2 
saturated water (black spectra) and salt water (red water) and (b) on switching from acetic acid in water/O2 to 




Short-chain carboxylic acids can be the main target pollutants in CWO for wastewater treatment. To 
explore the potential of CWO for shale gas wastewater treatment, CWO of oxalic acid and acetic acid 
in the presence of concentrated NaCl (200 g L–1) was investigated. Regarding oxalic acid, 100% oxalic 
acid and 94.2% TOC removals were observed in water over MnCeOx after 2 h, whilst the presence of 
concentrated NaCl reduced the rate of oxalic acid oxidation, resulting in the reduced oxalic acid and 
TOC removal of 71.2% and 62.0%, respectively, which increased at longer reaction times, reaching 
90.1% and 89.5% after 24 h. The reduced conversion/mineralisation of oxalic acid in salt water could 
be due to the formation of strongly bound intermediates at higher oxalic acid coverage which result 
from salting out of oxalic acid on the catalyst in salt water. For acetic acid, insignificant removals (3.9% 
and 3.7% in the absence and presence of NaCl) over MnCeOx were observed, which was attributed to 
the weak adsorption of acetic acid on the catalyst.  
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